We report on the fabrication of crossed-dipole resonant filters by direct-write electron-beam and nanoimprint lithographies. Such structures have been used as spectrally selective components at visible, microwave, and infrared wavelengths. Imprinting is accomplished in a modified commercial hot press at 155°C. The replica is then etched in oxygen plasma and developed in chlorobenzene to selectively dissolve the poly͑methylmethacrylate and methacrylic acid͒ and poly͑methylmethacrylate͒ bilayer resist. This step enhances undercut and improves lift-off metalization. Infrared fourier transform spectroscopy was performed to characterize the transmission response of the frequency selective surfaces ͑FSSs͒ fabricated. The resonant behavior for the direct-write FSS was found to be 5.3 m and for the nanoimprinted FSS to be 6 m. The shift towards longer wavelengths is consistent with the dimensions obtained for the FSSs elements in both cases.
I. INTRODUCTION
There are many applications of frequency selective surfaces ͑FSSs͒ for microwave communication systems in which the periodic structure helped produce a more efficient reflector antenna.
1 FSSs are used for the microwave region in radome design.
2- 4 Metal meshes have been used as mirrors for improving the pumping efficiency in optically pumped infrared ͑IR͒ lasers. 5, 6 FSSs have also been used in the farinfrared region as beam splitters, 7, 8 filters, 9,10 polarizers, 11, 12 output couplers for lasers, 13 and Fabry-Perot interferometers. 14, 15 Continuing advancements in lithography have allowed the element dimensions to be scaled down, thus obtaining FSSs with response in the IR portion of the spectrum. Resonant responses have been demonstrated for arrays of crosses at 7-9, 16 6.5, 17 and 1.5 m 18 and arrays of dipoles at 4-14 m. 19 Fabrication of resonant arrays for the near-infrared range requires 100 nm line resolution and lengths and spacings of the elements on the order of micrometers or less. Such resolution can be easily attained by direct-write electron electronbeam lithography ͑DEBL͒. Since DEBL is based on exposure of the resist point by point in a serial manner, which gives a low throughput, it is not yet practical for mass production of 100 nm features. Writing a 1 cm by 1 cm cross array by DEBL takes approximately 1 h running at 25 MHz on a Leica VB6.
Several manufacturing techniques are being considered to meet the demand for fast, reliable, and cost-effective nanolithography. One of the promising alternatives would be masked ion beam lithography ͑MIBL͒. 18 The parallel processing of MIBL allows for a 1 cm 2 area to be written in a single exposure of 20 s duration. MIBL has higher throughput and is not hindered by the proximity effect, which causes problems with linewidth control in DEBL. One of the disadvantages of the MIBL technique is the fragility of the masks. Also, since the tool has not reached the same advanced stage of development as DEBL, it is not commercially available.
Another possible solution to nanostructure manufacturing is nanoimprint lithography ͑NIL͒. 20, 21 This technique is based on the physical deformation of the resist cast on a substrate by a mask with submicron structures on its surface. It offers a cost-effective alternative to DEBL.
In our present investigation of the nanoimprint technique, we have found that a bilayer resist configuration provides the undercut profile that improves the metal lift-off, 22 enabling one to preserve the resolution obtained after the press. We compare the resonant responses of crossed-dipole arrays fabricated by direct-write e-beam and nanoimprint lithography techniques.
II. FSSs FABRICATED USING DEBL
The crossed dipole FSS is fabricated on a n-doped Si wafer of 5 ⍀ cm resistivity and 380 m thickness. A singlelayer 495k MW poly͑methylmethacrylate͒ ͑PMMA͒ 23 resist was spun to a thickness of 150 nm. This was exposed by a focused electron beam using the Leica VB-6 electron-beam pattern generator, at a voltage of 100 kV and a dose of 600 C/cm 2 . The resist was developed in a 1:1 solution of methyl isobutyl ketone and isopropanol, for 60 s. A 30 nm film of gold was then deposited by e-beam evaporation. The metal lift-off was performed by ultrasonic agitation in methylene 
III. FSSs FABRICATION USING NIL

A. Mask fabrication
The first step in the fabrication of the mask ͑Fig. 2͒ for nanoimprint lithography is similar to the fabrication of the actual crossed-dipole FSS by DEBL. The features are written into a single layer of 495k MW PMMA resist on a silicon wafer and the resist is developed in 1:1 solution of methyl isobutyl ketone and isopropanol for 60 s. A 100 nm chromium-nickel alloy is evaporated over the patterned resist and subsequently lifted-off using methylene chloride. A parallel plate reactive ion etching ͑RIE͒ in CHF 3 and CF 4 is performed in order to transfer the crossed-dipole array pattern into the silicon substrate ͑Fig. 3͒. We have found that using equal flow rates, 20 sccm, of CHF 3 and CF 4 , for a power of 90 W and direct current ͑dc͒ bias of 585 V, gives nearly vertical walls. Etching was done such that the height of the features obtained was 250 nm.
To improve the release of the replica from the mask usually a thin layer of mold-release compound is deposited on the mask prior to the imprinting. In our work we coated the imprinter by using a low power CHF 3 RIE step for 30 s. We believe this leaves a thin layer of fluorocarbon on the imprinter that protected the mask and avoided permanent sticking to the replica.
B. Imprinting
NIL is different from both the e-beam and ion-beam lithography in that it does not use energetic beams. The effects of diffraction and scattering of a beam are eliminated. The features are patterned through a mechanical process rather than a chemical change of the resist.
Previous work by Hatzakis et al. 24 in e-beam lithography demonstrated that using a bilayer resist can produce an undercut that improves the lift-off process. In a similar fashion, we are using a bilayer configuration to improve the NIL. The replica silicon substrate is identical to the one used for the direct-write e-beam FSS. A layer of 495k MW PMMA 2% in anisole is spun on the wafer at 2000 rpm for 60 s and soft baked for 20 min at 170°C. This results in a 90 nm thickness for the first layer resist. The second layer of resist is poly͑methylmethacrylate and methacrylic acid͒ ͑P͑MMA-MAA͒ copolymer͒ 8.5% and is spun at 4140 rpm for 60 s, then soft baked for 20 min at 170°C, resulting in a 50-nmthick layer. The two types of resist were chosen for their different chemical properties, which prevents their intermixing and will play an important role in the post processing, particularly in the formation of the undercut sidewalls of the features. 24 To perform the imprint ͑Fig. 4͒, we used a generic hot press which uses a compressed air piston. The upper and lower plates of the press have independent temperature control. In order to obtain a uniform pressure over the entire sample area, we used plastic ͑bulk PMMA͒ plates to act as cushions between both the silicon mask and the replica wafer and their respective hot plates. At the temperature at which the imprinting is performed, the plastic plates become soft and help insure the mask and the replica are parallel to each other by deforming to compensate for any macroscopic pressure gradients.
The mask and the replica are placed in contact and heated to 100°C. The mask is then pressed against the resist and the temperature is increased to 155°C, above the glass transition temperatures of the PMMA and P͑MMA-MAA͒. The optimum force was found to be 560 N for a 1 cm 2 mask. As the silicon crosses of the mask are pressed into the resist, the polymer flows into the adjacent spaces. The mask and the replica are kept under pressure for approximately 10 min and then flash cooled by dipping them in cold water freezing the pattern into the resist. The thin layer of mold release on the mask helps separate the mask from the replica.
C. Postprocessing
After the pattern is imprinted into the bilayer resist on the replica silicon wafer, dark field optical microscopy shows nonuniformity in the depth of the imprinting. The residual resist remaining in the trenches of the imprinting pattern must be removed for lift-off to be successful. We removed the residual resist by using an isotropic etch in an oxygen plasma barrel etcher for approximately 1 min. For the bilayer imprint process, the necessary depth and the undercut is obtained by selectively dissolving the two layers of resist on the replica wafer. Immersing the sample in chlorobenzene, for 60 s selectively and isotropically dissolves approximately 60 nm of the bottom layer of PMMA. Since the P͑MMA-MAA͒ is not soluble in chlorobenzene, it would remain intact. 22 Once the undercut is obtained, a thin layer of gold is evaporated onto the replica, followed by the lift-off to obtain the FSS ͑Fig. 5͒.
Inspection shows a process bias of ϩ30 nm of the replica with respect to the imprinter. We believe this is due to the isotropic etch in the oxygen plasma barrel etcher. This step, and the chlorobenzene soak improved our yield. The use of a commercial press and postprocessing ensured high yield and cost-effective imprinting. Improvements in the stability of the imprinting machine and in the postprocessing, for example using an anisotropic etch, could decrease the bias.
IV. SPECTRAL MEASUREMENTS
The spectral transmission of the FSSs fabricated by direct or imprint was measured at normal incidence over the 3-12 m band using a Perkin-Elmer 1710 infrared fourier transform spectrometer, at a spectral resolution of 4 cm Ϫ1 . Discussion of the measurement issues have been presented previously. We emphasize the resonant nature of the spectral features by plotting the spectral transmittance ͑Fig. 6͒ of each FSS normalized to that of the substrate
For a single narrow strip, the wavelength of resonance in transmission is given approximately by 25 0,res ϭ2.1L ͩ 1ϩ
͑2͒
where L and b represent the length and the width, respectively, of the strip.
For a configuration of substrates with a refractive index n 1 above and n 2 below, the actual wavelength of resonance is modified approximately by the effective index n eff of the two-layer medium res ϭ 0,res n eff ͑3͒
with n eff is given by
. ͑4͒
In our case, the medium above is air and the medium below is the silicon wafer. Using an approximate index of 3.42 for the silicon at the particular resonant wavelengths, we obtain the values for the wavelength of resonance in Table I . The resonant response of the imprinted array is slightly shifted towards longer wavelengths due to an increase in the length of the imprinted feature compared to the direct-write e-beam FSS or the imprinted mask. Despite the wider features obtained by imprint, the resonance remains reasonably sharp. We observe also a difference in the transmission level between the two curves, which is due to residual metal remained in small areas over the imprinted sample.
V. CONCLUSIONS
We have discussed the fabrication of crossed-dipole resonant filters by direct-write e-beam and nanoimprint lithographies. Nanoimprinting on a 1 cm 2 wafer scale has been shown for 200 nm width crossed dipoles. Imprinting was accomplished in a modified commercial hot press at 155°C.
The imprinted structures have been processed with oxygen plasma etching and chlorobenzene to remove the remaining resist from the trenches. A bilayer resist has been used to obtain the undercut sidewalls needed for the lift-off to have high yield. The optical performance of the FSSs fabricated was measured. The resonant behavior was found at 5.3 m for the direct-write sample and at 6 m for the nanoimprint sample. The shift in wavelength is consistent with the dimensions obtained for the array elements in both cases.
Along with masked ion beam lithography, nanoimprinting will offer a fast and cost effective alternative to DEBL in fabrication of IR filters and with further development, could become a commercial technology for manufacturing nanostructures. 
